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Abstract. Recently there has been a great deal of interest on the possi-
bility to exploit quantum-mechanical effects to increase the performance of
energy storage systems. Here we introduce and solve a model of a quantum
supercapacitor. This consists of two chains, one containing electrons and the
other one holes, hosted by arrays of double quantum dots, the latter being
a building block of experimental architectures for realizing charge and spin
qubits. The two chains are in close proximity and embedded in the same
photonic cavity, which is responsible for long-range coupling between all the
qubits, in the same spirit of the Dicke model. By employing a variational ap-
proach, we find the phase diagram of the model, which displays ferromagnetic
and antiferromagnetic phases for suitable pseudospin degrees of freedom, to-
gether with phases characterized by collective superradiant behavior. Im-
portantly, we show that when transitioning from the ferro/antiferromagnetic
to the superradiant phase, the quantum capacitance of the model is greatly
enhanced. Our work offers opportunities for the experimental realization of
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a novel class of quantum supercapacitors with an enhanced storing power
stemming from exquisite quantum mechanical effects.
One of the main challenges of nowadays technology is represented by
energy storage [1]. In this context, devices like batteries [2, 3] and super-
capacitors [4, 5] are currently employed in a plethora of applications rang-
ing from personal electronics to the automotive sector. Supercapacitors, in
particular, are improved versions of conventional capacitors that exploit a
molecular-scale interface between the ions of an electrolyte and the electrode
to increase the energy density while displaying large power densities. These
devices operate on the basis of extremely robust electrical and electrochemi-
cal principles developed during the Eighteenth and Nineteenth centuries [2].
However, the progressively growing demand for storage capability and power
calls for the elaboration of new strategies. Although a great deal of effort is
currently focused on optimizing materials [6, 7], fundamental research in this
field may lead, in the long run, to a paradigmatic shift.
An intriguing possibility is to use quantum resources to boost the charg-
ing power density of a battery or the stored energy density of a superca-
pacitor. Quantum phenomena may indeed enable superior performance of
technological devices of various sorts. A seminal example is quantum com-
puting [8] performed with quantum bits as compared to classical binary logic.
While in this framework quantum mechanics is employed to achieve efficient
manipulation and processing of information, an increasing theoretical and
experimental research activity is currently focused on applying quantum re-
sources to improve energy storage and transfer [9, 10, 11, 12, 13, 14, 15].
In particular, a number of researchers have been recently working on quan-
tum batteries [16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31].
A solid-state implementation of a quantum battery based on an array of
N two-level systems coupled to a common cavity photonic mode (known as
Dicke model [32, 33, 34]) has been introduced in Ref. [21].
Quantum effects, such as exchange and correlations in low-dimensional
electron systems with long-range Coulomb interactions [35], constitute pow-
erful tools that can be potentially manipulated and engineered for energy
storage applications. On general grounds, the electronic contribution Ce to
the capacitance of a mesoscopic device can be written as C−1e = C−1g + C−1q ,
where Cg is a classical contribution, i.e. the conventional geometric capaci-
tance, and Cq is a quantum contribution, usually termed “quantum capac-
itance”. The latter accounts for the variation of the Fermi energy due to
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charge accumulation [36, 35], i.e. Cq = Se2∂n/∂µ where S is the area of the
device, −e is the elementary charge, µ is the chemical potential, and n the
electron density. Usually, Cq > 0 and the quantum contribution has therefore
the net effect to lower the capacitance of the device, thereby reducing the
stored energy density with respect to the classical case, as predicted [37, 38]
and observed in graphene [39, 40, 41, 42], for example.
However, situations where a negative exchange and correlation contribu-
tion to the energy dominates over the positive kinetic energy do exist. In
this case, the compressibility K = n−2∂n/∂µ of the electron gas is nega-
tive [35, 43, 44] leading to Cq < 0 and C > Cg. Such quantum mechanical
enhancement of the total capacitance as compared to the classical value has
been observed in several systems including two-dimensional electron double
layers formed in GaAs semiconductor quantum wells [45], the interface be-
tween two oxides (LaAlO3/SrTiO3) [46], 2D monolayers of WSe2 [47], and
graphene-MoS2 heterostructures [48].
Negative compressibility is ultimately due to charge rearrangement. In
this work we investigate capacitance enhancement effects stemming also from
charge rearrangement but this time due to light-matter interactions and
ground-state macroscopic quantum coherence. To this end, we focus on two
chains of double quantum dots (DQDs) [49], one filled with electrons the other
with holes, which implement a collection of charge qubits [50, 51, 52, 53]. All
DQDs are coupled to a common photonic cavity mode as e.g. in Refs. [54,
55, 56, 57, 58]. Each chain separately can be modelled via the Dicke-Ising
model [59]. The two chains, however, are coupled via an on-site electron-hole
attractive interaction, which brings in new qualitative features. By employ-
ing an essentially analytical variational approach, we first demonstrate that
this system displays a rich and intriguing ground-state phase diagram as a
function of intra- and inter-chain interactions, and of the coupling between
the DQDs and radiation. We then show that the capacitance of the model
is dramatically enhanced by light-matter interactions due to the charge re-
arrangement that occurs at the superradiant phase transition [60, 61, 62].
Finally, we conclude by mentioning that our quantum supercapacitor model
is amenable, at least in principle, to be quantum simulated using solid-state
architectures [63, 64, 65] comprising semiconducting and metallic elements.
Results
Model.
Below we investigate arrays of DQDs [49], each one with a voltage profile
as sketched in Fig. 1a. Each DQD can be seen as a charge qubit where it
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is possible to identify a ground (|g〉) and an excited (|e〉) state, which are
separated by an energy gap  and also spatially [50, 51, 52, 53].
We consider two coupled chains, each one containing N DQDs. The
chemical potential in the top chain (T) is tuned in such a way to host exactly
one electron in each DQD, while in the bottom one (B) each DQD is filled
with one hole (see Fig. 1b). Such charge configuration has been chosen in
order to mimic the two oppositely charged plates of a classical capacitor. In
our toy model we assume that only two (screened) Coulomb interaction terms
are at play: i) an inter-chain attractive interaction of strength U between an
electron in state |g〉e on site i of the T chain and a hole in state |g〉h on the
corresponding site of the B chain and ii) an intra-chain repulsive interaction of
strength V between two electrons (holes) in states |g〉e (|g〉h) or |e〉e (|e〉h) in
the T (B) chain, acting only between adjacent DQDs. Finally, in each DQD,
the transition between the ground state (excited state) and the excited state
(ground state) is induced by absorption (emission) of photons from (into)
the electromagnetic field of a cavity. We model this interaction via a Dicke-
type coupling [32, 33, 34] between the cavity photonic mode and the DQDs,
effectively behaving as two-level systems.
In this framework, our model is described by the following Hamiltonian
(see Methods section):
Hˆ = Hˆ(T)DI + Hˆ(B)DI + Hˆ(TB) + Hˆ(R) , (1)
where the first (second) term describes the T (B) chain of DQDs and their
interactions with the cavity mode,
Hˆ(T)DI =

2
N∑
i=1
τˆ zi +
V
2
N∑
i=1
(
τˆ zi τˆ
z
i+1 + 1
)
+ ~ωcλ
(
aˆ† + aˆ
) N∑
i=1
τˆxi , (2)
the third term describes inter-chain local attractive interactions (U > 0),
Hˆ(TB) = −U
4
N∑
i=1
(1− τˆ zi ) (1− σˆzi ) , (3)
and the fourth term describes the cavity radiation mode,
Hˆ(R) = ~ωcaˆ†aˆ . (4)
The B chain Hamiltonian, Hˆ(B)DI , can be obtained from Hˆ(T)DI by replacing
τˆαi → σˆαi , where τˆαi (σˆαi ) with α = x, z are pseudospin Pauli matrices acting
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on the 2D Hilbert space associated with the i-th DQD on the T (B) chain.
In Eqs. (2) and (4), aˆ (aˆ†) is the annihilation (creation) operator for a cavity
photon of frequency ωc, and λ is a dimensionless parameter describing the
strength of the coupling between cavity photons and each DQD [32, 33, 34].
It is worth noticing that the pseudospin part of the above Hamiltonian is a
multi-DQDs generalization of the model discussed in Refs. [66, 67, 68] where
CNOT gates for two capacitively coupled charge qubits were investigated.
Moreover, Eq. (1) can be seen as two copies of the Dicke-Ising (DI) model
introduced in Ref. [59], one for the T chain described by Hˆ(T)DI and one for the
B chain described by Hˆ(B)DI , further coupled by means of the local attractive
interaction ∝ U . Since the DI model shows a non-trivial phase diagram
in the V-λ space, this is inherited by our model. In addition, however, we
expect more ground-state phases triggered by U > 0. In particular, we
expect a ferromagnetic arrangement with electrons and holes all in the ground
state for large values of U and an antiferromagnetic ordering with electrons
and holes alternatively in the |g〉 and the |e〉 state for large values of V .
These are expected to coexist with an overall normal/superradiant phase
transition [60, 61, 62] driven by λ. The interplay between these competing
phases leads to an extremely rich phenomenology that will be investigated
in the following by means of a variational technique consisting in classifying
the stable phases of the system’s ground state.
Ground-state energy and quantum phase transitions.
We begin by writing down the following variational ground-state wave-
function for the problem at hand:
|Ψ〉 = |
√
Nα〉 ⊗
N∏
i=1
 cos
(
θ
(B)
i
2
)
eiχ
(B)
i sin
(
θ
(B)
i
2
)
⊗ N∏
k=1
 cos
(
θ
(T)
k
2
)
eiχ
(T)
k sin
(
θ
(T)
k
2
)
 . (5)
Here, |√Nα〉 denotes a coherent state of the cavity with displacement √Nα
(assumed real for the sake of simplicity) [62] and θ(T/B)i , χ
(T/B)
i the angles
characterizing the Bloch state of the pseudospin associated with the i-th DQD
in the T or B chain, respectively. Note that θ(T/B)i 6= 0, pi denotes states which
are coherent quantum superpositions of |g〉 and |e〉. We consider periodic
boundary conditions (N + 1 ≡ 1), as usually done in the study of Heisenberg
spin chains [69], which imply translational invariance of the completely filled
chains. Moreover, we exploit the T ↔ B exchange symmetry of the model,
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which allows us to set θ(T)i = θ
(B)
i = θi and χ
(T)
i = χ
(B)
i = χi. Accordingly, the
ground-state energy E = 〈Ψ|Hˆ|Ψ〉 of the completely filled system is given by
E =
N∑
i=1
[(
+
U
2
)
(cos θi) + V (cos θi cos θi+1)− U
4
(
cos2 θi
)
+ 4~ωcλ
√
Nα (sin θi cosχi) + ~ωcα2 + V − U
4
]
. (6)
Assuming N to be even, and restricting the analysis to the case in which
the polar θi and azimuthal χi angles can only change between even and odd
sites [59], i.e. θ2i+1 = θo, θ2i = θe, χ2i+1 = χo, χ2i = χe, we finally obtain
E = N
[(

2
+
U
4
)
(cos θo + cos θe) + V (cos θo cos θe)
− U
8
(
cos2 θo + cos
2 θe
)
+ 2~ωcλ
√
Nα (sin θo cosχo + sin θe cosχe)
+ ~ωcα2 + V − U
4
]
. (7)
The function E = E(θo, θe, χo, χe, α) needs to be minimized with respect to
its 5 variables in order to identify the ground-state energy of the system, to
characterize possible stable phases, and transitions between them. Minimiz-
ing with respect to χo and χe we get
∂E
∂χe
= −2~ωcλ
√
Nα (sin θe sinχe) = 0 , (8)
∂E
∂χo
= −2~ωcλ
√
Nα (sin θo sinχo) = 0 , (9)
which, excluding α = 0 and sin θe = sin θo = 0, are solved by χe = lpi and
χo = mpi, with l,m integers. Hence, cosχo and cosχe in Eq. (7) reduce to an
overall ± sign, which can be seen as a redefinition of θo and θe. Therefore,
in the framework of our variational approach, we can fix cosχo = cosχe = 1.
To further reduce the number of variables involved in the problem, it is
convenient to minimize first with respect to α, i.e. ∂E/∂α = 0, which yields
α = −λ
√
N (sin θo + sin θe) , (10)
and replace the latter result into Eq. (7). From the previous equation we
notice that, if superradiance occurs, i.e. if α 6= 0, then θo, θe 6= 0, pi, which, for
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the reasons stated above after Eq. (5), implies that coherence occurs between
|g〉e and |e〉e. Superradiance is related with the emergence of macroscopic
coherence in the ground-state wave-function [62].
This leads to the simplified ground-state energy function
E˜ = N
[(
+
U
2
)
s+ V (s2 −m2)− U
4
(
s2 +m2
)− ~ωcA+ V − U
4
]
,
(11)
written in terms of the order parameters [59]
A = 〈aˆ
†aˆ〉
N
= Λ2 (sin θo + sin θe)
2
s =
〈σˆz1 + σˆz2〉
2
=
1
2
(cos θo + cos θe)
m =
〈σˆz1 − σˆz2〉
2
=
1
2
(cos θo − cos θe) . (12)
The physical interpretation of these quantities is the following. The first
one, A, measures the average number of photons in the cavity and is non-
zero in the superradiant phase. The second one, s, is the magnetization of a
plaquette composed of two neighboring sites. We stress that s2 6= 1 implies
macroscopic coherence in the many-particle wave-function. Finally, m is
the plaquette staggered magnetization. The quantity E˜ has been minimized
numerically with respect to θo and θe, as a function of the dimensionless
parameters U˜ ≡ U/~ωc and Λ2 ≡ λ2N and for different values of V˜ ≡
V/(~ωc), in order to identify all the possible stable phases of the model.
Analytical cross-checks have been carried out whenever possible.
While our theory is completely general so far, from now on we focus on the
resonant regime, i.e. we set  = ~ωc. This clearly enables optimal coupling
between the DQDs and the cavity radiation field [54]. In this case, we have
identified four distinct phases:
i) A ferromagnetic-normal (FN) phase, with A = 0, s = −1, and m = 0.
In the language of the original charge degrees of freedom, in the FN
phase electrons (holes) occupy the ground state |g〉e (|g〉h) of each DQD
in the top (bottom) chain.
ii) A ferromagnetic-superradiant (FS) phase, with A 6= 0, s 6= 0, and
m = 0.
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iii) An antiferromagnetic-normal (AFN) phase, with A = 0, s = 0, and
m = 1. In the language of the original charge degrees of freedom, in
the AFN phase electrons occupy the ground state on even sites and
the excited state on odd sites and holes in the bottom chain follow the
same charge profile.
iv) An antiferromagnetic-superradiant (AFS) phase, with A 6= 0, s 6= 0,
and m 6= 0.
The numerically calculated phase diagram is reported in Fig. 2 for differ-
ent values of V˜ . At V˜ = 0 (Fig. 2a), we observe a net separation between the
FN (blue) and FS phases (red), with a continuous transition occurring at
Λ2 =
1
8
(
1 + U˜
)
. (13)
With increasing V˜ (Figs. 2b-c), the FN phase shrinks and the AFN phase
(green) emerges and expands, extending for small values of Λ2 up to
U˜ = 4V˜ − 2 , (14)
at which a first-order transition occurs. Moreover, at the boundary between
FS and AFN phases a very narrow AFS region (yellow) appears.
Our numerical results for the order parameters A, s, and m as functions
of U˜ and Λ2 are reported in the density plots of Fig. 3. We clearly see that the
knowledge of all the three order parameters is needed to properly reconstruct
the complete phase diagram.
Quantum capacitance.
We now consider the capacitance for our mesoscopic structure, defined as
the inverse of the discrete derivative of the chemical potential with respect
to the number N of charges [70, 71], i.e.
C =
e2
µN − µN−1 , (15)
where µN = EN −EN−1. Here, Ek (k ∈ N) indicates the ground-state energy
of the system where only k sites of the chains (out of a total of N sites per
chain) are filled with electrons and holes. The problem is thereby reduced
to evaluating the change in the ground-state energy of the system when
an electron and a hole are removed from the same i-th site, while keeping
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fixed the total length of the two coupled chains. This protocol allows to
locally preserve the charge neutrality of the system, but explicitly breaks its
translational invariance.
According to this, it is possible to consider the following two-step pro-
tocol. One can first remove an electron-hole pair from the completely filled
two-chain system in an arbitrary site (in the sublattice of odd sites, say).
Considering the N  1 limit, one has
µN ≈  cos(θo)− U
4
[1− cos(θo)]2 + 2V [cos(θo) cos(θe) + 1]−8~ωcΛ2 sin2(θo) .
(16)
The second electron-hole pair can be removed in one of the nearest-neighbor
sites (both obviously in the sublattice of even sites) leading to
µN−1 ≈  cos(θe)− U
4
[1− cos(θe)]2 +V [cos(θo) cos(θe) + 1]−8~ωcΛ2 sin2(θe).
(17)
The above protocol reminds of what happens in atomic physics, where an
atom with a completely filled shell is progressively ionized by removing the
most loosely bound electrons and with µN (µN−1) playing the role of first
(second) ionization energy [70].
Notice that corrections scaling as 1/N can be taken into account, but
have a negligible effect in the behavior of the capacitance.
The capacitance of the system can then be written, considering again the
resonant condition  = ~ωc, as
C =
C0[
(2 + U˜)m− U˜ms+ V˜ (1 + s2 −m2) + 32Λ2ms] (18)
with C0 ≡ e2/~ωc a dimensional factor.
Considering the four physically relevant ground-state phases discussed
above, Eq. (18) shows that, in absence of coupling with the cavity radiation
(Λ2 = 0), one has CFN = C0/2V˜ for the FN phase (s = −1,m = 0) and
CAFN = C0/(2+U˜) (lower than CFN in the considered range of parameters) for
the AFN (s = 0,m = 1) phase. At finite values of the light-matter coupling,
in the FS (s 6= 0,m = 0) phase, the capacitance becomes CFS = C0/(1+s2)V˜ .
In this work we are interested in quantifying the enhancement of the
capacitance with respect to the one evaluated in absence of radiation, i.e. C
evaluated at Λ2 = 0 and indicated with C¯ in the following. To this end we
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introduce the ratio
κ =
C − C¯
C¯
. (19)
Density plots of this ratio as a function of U˜ and Λ2, for different values of V˜
are reported in Fig. 4. We note that the ratio is positive and that a strong
enhancement of the capacitance (κ > 0) associated to the superradiant phase
transition occurrs in the system. In particular, at the transition between the
FN (s = −1,m = 0) and FS (s 6= 0,m = 0) phase, we have
κ =
CFS
CFN
− 1 = 1− s
2
1 + s2
, (20)
as shown in Fig. 4a. This quantity only depends on the pseudospin order
parameter s and saturates to κ = 1 (i.e. doubling of the capacitance) deeply
in the FS phase (where one asymptotically approaches s = 0). Importantly,
this quantity depends on 1−s2, which is non-zero only when the ground-state
wave-function displays macroscopic quantum coherence. In this case, the
appearance of coherence, a genuinely quantum effect, can strongly enhance
the capacitance. Differently, at the transition between the AFN (s = 0,m =
1) and FS (s 6= 0,m = 0) phase and neglecting the small AFS phase, we find
κ =
CFS
CAFN
− 1 = 2 + U˜
(1 + s2) V˜ − 1 , (21)
which depends on both the pseudospin order parameter s and the specific
values of the interaction terms (i.e. geometry of the device) and can exceed
250% (κ > 2.5), as shown in Fig. 4b. Again, this quantity is maximal when
s = 0, which corresponds to the fact that the ground-state wave-function
is in a equal macroscopic superposition of |g〉 and |e〉. As a matter of fact,
radiation induces macroscopic coherence, which, in turn, strongly enhances
the capacity.
Discussion.
Before concluding, we comment on the possibility of realistic solid state
implementations of our quantum supercapacitor model in terms of coupled
charge qubits (DQDs) embedded in a microwave cavity.
Recent investigations of two-qubit logic gates made up of GaAs/AlGaAs
and Si/SiGe DQDs [68] have reported capacitive coupling between DQDs up
to U/h ≈ 30 GHz. Assuming level spacings and cavity frequencies /h ≈
ωc/2pi in the GHz range as typical of mesocopic devices [55, 56, 72], we
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conclude that it is possible, at least in principle, to explore a quite wide
interval of values of U˜ . Moreover, one can also change this parameter by both
acting on the distance d⊥ between the two chains and changing the dielectric
constant ε of the environment where the chains are embedded according to
the relation
U = e
2
εd⊥
. (22)
An analogous discussion also holds for the intra-chain coupling,
V = e
2
εd‖
, (23)
where d‖ is the distance between the DQDs along each chain.
Concerning the coupling between the DQDs and the cavity radiation,
experimental techniques allowing to explore interactions up to Λ2 ≈ 1, deep
in the superradiant phase, can be envisaged [55, 56, 73, 74, 75]. Despite this,
the actual possibility to explore the normal/superradiant phase transition
in a real solid-state device has been debated at length [76, 77, 78, 79, 80,
81] due to the presence of an additional term ∝ (aˆ† + aˆ)2—not included in
the simple model Hamiltonian in Eq. (1)—which emerges from the minimal
coupling between matter and cavity radiation. However, according to recent
calculations [82], superradiance can occur in correlated materials embedded
in photonic cavities.
As a final overall experimental requirement one need to consider devices
with a typical decoherence (τϕ) and relaxation (τr) times long enough to be
effectively operated [83, 84]. This condition is satisfied for example in the
experiment discussed in Ref. [58] and is a common constraint for all quantum
devices.
Accordingly, a realization of the proposed device with supercapacitive
properties is feasible, e.g. by means of circuit QED devices, comprising two
chains of charge qubits and a resonator.
Methods.
Mapping between electrons and spins and link between elec-
trons and holes. We here derive the pseudospin model introduced in Eq. (1)
starting from a fermionic model of two coupled (top and bottom) chains of
electrons and holes. We denote by eg,i, e†g,i (ee,i, e
†
e,i) the fermionic annihilia-
tion and creation ladder operators for an electron with onsite energy g (e)
residing on the i-th site of a chain. It is useful to define the onsite energy
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difference  = e − g. The electronic Hamiltonian (for the top chain) reads:
Hˆ(T)DI =
∑
i
[
ge
†
g,ieg,i + ee
†
e,iee,i
+ V
(
e†g,ieg,ie
†
g,i+1eg,i+1 + e
†
e,iee,ie
†
e,i+1ee,i+1
)
+ λ~ωc(a+ a†)
(
e†g,iee,i + e
†
e,ieg,i
)]
, (24)
where λ, V , ωc, a, and a† have been introduced in the main text. In order
to introduce the pseudospin representation, we write the ladder operators
in a natural basis. We denote by |k, l〉e,i the state with k = 0, 1 (l = 0, 1)
electrons in the local ground (excited) state on the i-th site. We assume to
have 1 electron per site. (All the interactions in the Hamiltonian preserve
the local number of electrons nˆe,i = e†g,ieg,i + e
†
e,iee,i.) Hence we can expand
Eq. (24) in the basis
{ |0, 1〉e,i , |1, 0〉e,i }, which means that local operators on
the i-th site admits an Hermitian 2× 2 representation, which can be written
in terms of Pauli matrices. In this basis, the Hamiltonian in Eq. (24) reads
Hˆ(T)DI =

2
N∑
i=1
τˆ zi +
V
2
N∑
i=1
(
τˆ zi τˆ
z
i+1 + 1
)
+ ~ωcλ
(
aˆ† + aˆ
) N∑
i=1
τˆxi , (25)
which is exactly the form used in the main text.
We now move on to analyze the bottom chain, which hosts holes. We
start from the simple observation that hole annihilation and creation ladder
operators, h and h†, can be obtained from those for electrons, e and e†, by
using a particle-hole transformation: e → h† and e† → h. Starting from
Eq. (24) and carrying out this transformation, we can write the Hamiltonian
of the bottom chain as
Hˆ(B)DI =
∑
i
[
− gh†g,ihg,i − eh†e,ihe,i
+ V
(
h†g,ihg,ih
†
g,i+1hg,i+1 + h
†
e,ihe,ih
†
e,i+1he,i+1
)
+ λ~ωc(a+ a†)
(
h†g,ihe,i + h
†
e,ihg,i
)]
, (26)
where hg,i, h†g,i (he,i, h
†
e,i) are ladder operators for a hole with onsite energy
−g (−e) residing on the i-th site.
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It is useful to denote by |k, l〉h,i the state with k = 0, 1 (l = 0, 1) holes in
the local ground (excited) state on the i-th site. Again we assume to have 1
hole per site, since all the interactions in the Hamiltonian preserve the local
number of holes. Expanding Eq. (26) in the basis
{ |1, 0〉h,i , |0, 1〉h,i }, we get
Hˆ(B)DI =

2
N∑
i=1
σˆzi +
V
2
N∑
i=1
(
σˆzi σˆ
z
i+1 + 1
)
+ ~ωcλ
(
aˆ† + aˆ
) N∑
i=1
σˆxi , (27)
which is exactly the form used in the main text. Finally we analyze the
term [85]
Hˆ(TB) = −U
N∑
i=1
c†g,icg,ih
†
e,ihe,i , (28)
which represents a local attractive interaction between electrons and holes in
the two adjacent chains. Expanding this Hamiltonian in the aforementioned
basis, we immediately get Eq. (3). We would finally like to make contact
with the notation used in Fig. 1. In the latter, we defined |g〉 = |1, 0〉e,i and
|e〉 = |0, 1〉e,i for the top chain, and |g〉 = |0, 1〉h,i and |e〉 = |1, 0〉h,i for the
bottom chain.
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<latexit sha1_base64="vlG+vRydo3bS65 La0njs+imbXvU=">AAACHnicbVDLTgJBEOz1ifgCPXqZSEw8kV1jokeiF4+YyCMBQnqHBifM zm5mek0I4Se86sGv8Wa86t+4IAcB61Rd1Z3qVJho5dj3v7219Y3Nre3cTn53b//gsFA8qrs4 tZJqMtaxbYboSCtDNVasqZlYwijU1AiHt1O/8UTWqdg88CihToQDo/pKImdSs02JUzo23ULJ L/sziFUSzEkJ5qh2ix60e7FMIzIsNTrXCvyEO2O0rKSmSb6dOkpQDnFArYwajMh1xrOHJ+Is dcixSMgKpcVMpL8XY4ycG0VhthkhP7plbyr+57VS7l93xsokKZOR0yBWmmZBTlqVNUGipywx 4/RzEsoIiRaZySqBUmZimlWzEBhGk8XZ4pB4knUWLDe0SuoX5cAvB/eXpcrNvL0cnMApnEMA V1CBO6hCDSRoeIYXePXevHfvw/v8XV3z5jfHsADv6wfv+aKq</latexit><latexit sha1_base64="vlG+vRydo3bS65 La0njs+imbXvU=">AAACHnicbVDLTgJBEOz1ifgCPXqZSEw8kV1jokeiF4+YyCMBQnqHBifM zm5mek0I4Se86sGv8Wa86t+4IAcB61Rd1Z3qVJho5dj3v7219Y3Nre3cTn53b//gsFA8qrs4 tZJqMtaxbYboSCtDNVasqZlYwijU1AiHt1O/8UTWqdg88CihToQDo/pKImdSs02JUzo23ULJ L/sziFUSzEkJ5qh2ix60e7FMIzIsNTrXCvyEO2O0rKSmSb6dOkpQDnFArYwajMh1xrOHJ+Is dcixSMgKpcVMpL8XY4ycG0VhthkhP7plbyr+57VS7l93xsokKZOR0yBWmmZBTlqVNUGipywx 4/RzEsoIiRaZySqBUmZimlWzEBhGk8XZ4pB4knUWLDe0SuoX5cAvB/eXpcrNvL0cnMApnEMA V1CBO6hCDSRoeIYXePXevHfvw/v8XV3z5jfHsADv6wfv+aKq</latexit><latexit sha1_base64="vlG+vRydo3bS65 La0njs+imbXvU=">AAACHnicbVDLTgJBEOz1ifgCPXqZSEw8kV1jokeiF4+YyCMBQnqHBifM zm5mek0I4Se86sGv8Wa86t+4IAcB61Rd1Z3qVJho5dj3v7219Y3Nre3cTn53b//gsFA8qrs4 tZJqMtaxbYboSCtDNVasqZlYwijU1AiHt1O/8UTWqdg88CihToQDo/pKImdSs02JUzo23ULJ L/sziFUSzEkJ5qh2ix60e7FMIzIsNTrXCvyEO2O0rKSmSb6dOkpQDnFArYwajMh1xrOHJ+Is dcixSMgKpcVMpL8XY4ycG0VhthkhP7plbyr+57VS7l93xsokKZOR0yBWmmZBTlqVNUGipywx 4/RzEsoIiRaZySqBUmZimlWzEBhGk8XZ4pB4knUWLDe0SuoX5cAvB/eXpcrNvL0cnMApnEMA V1CBO6hCDSRoeIYXePXevHfvw/v8XV3z5jfHsADv6wfv+aKq</latexit><latexit sha1_base64="vlG+vRydo3bS65 La0njs+imbXvU=">AAACHnicbVDLTgJBEOz1ifgCPXqZSEw8kV1jokeiF4+YyCMBQnqHBifM zm5mek0I4Se86sGv8Wa86t+4IAcB61Rd1Z3qVJho5dj3v7219Y3Nre3cTn53b//gsFA8qrs4 tZJqMtaxbYboSCtDNVasqZlYwijU1AiHt1O/8UTWqdg88CihToQDo/pKImdSs02JUzo23ULJ L/sziFUSzEkJ5qh2ix60e7FMIzIsNTrXCvyEO2O0rKSmSb6dOkpQDnFArYwajMh1xrOHJ+Is dcixSMgKpcVMpL8XY4ycG0VhthkhP7plbyr+57VS7l93xsokKZOR0yBWmmZBTlqVNUGipywx 4/RzEsoIiRaZySqBUmZimlWzEBhGk8XZ4pB4knUWLDe0SuoX5cAvB/eXpcrNvL0cnMApnEMA V1CBO6hCDSRoeIYXePXevHfvw/v8XV3z5jfHsADv6wfv+aKq</latexit>
V (y)
<latexit sha1_base64="KILThUSsYkRVU3UwiJfbM0xaS6I= ">AAACGnicbVC7SgNREJ31bXxFLW0uBkGbsCuClkEbywjmAXGR2ZsxXnL3wb2zQgj5BVst/Bo7sbXxb9xdtzCJpzpzzgxnOEGilW XX/XYWFpeWV1bX1isbm1vbO9XdvbaNUyOpJWMdm26AlrSKqMWKNXUTQxgGmjrB8Cr3O09krIqjWx4l5Ic4iNSDksi51D4endxXa2 7dLSDmiVeSGpRo3u86cNePZRpSxFKjtT3PTdgfo2ElNU0qd6mlBOUQB9TLaIQhWX9cPDsRR6lFjkVCRigtCpH+XowxtHYUBtlmiP xoZ71c/M/rpfxw4Y9VlKRMkcyDWGkqgqw0KmuBRF8ZYsb8cxIqEhINMpNRAqXMxDSrZSowCCfTs8Eh8STrzJttaJ60T+ueW/duzm qNy7K9NTiAQzgGD86hAdfQhBZIeIRneIFX5815dz6cz9/VBae82YcpOF8/j/agTA==</latexit><latexit sha1_base64="KILThUSsYkRVU3UwiJfbM0xaS6I= ">AAACGnicbVC7SgNREJ31bXxFLW0uBkGbsCuClkEbywjmAXGR2ZsxXnL3wb2zQgj5BVst/Bo7sbXxb9xdtzCJpzpzzgxnOEGilW XX/XYWFpeWV1bX1isbm1vbO9XdvbaNUyOpJWMdm26AlrSKqMWKNXUTQxgGmjrB8Cr3O09krIqjWx4l5Ic4iNSDksi51D4endxXa2 7dLSDmiVeSGpRo3u86cNePZRpSxFKjtT3PTdgfo2ElNU0qd6mlBOUQB9TLaIQhWX9cPDsRR6lFjkVCRigtCpH+XowxtHYUBtlmiP xoZ71c/M/rpfxw4Y9VlKRMkcyDWGkqgqw0KmuBRF8ZYsb8cxIqEhINMpNRAqXMxDSrZSowCCfTs8Eh8STrzJttaJ60T+ueW/duzm qNy7K9NTiAQzgGD86hAdfQhBZIeIRneIFX5815dz6cz9/VBae82YcpOF8/j/agTA==</latexit><latexit sha1_base64="KILThUSsYkRVU3UwiJfbM0xaS6I= ">AAACGnicbVC7SgNREJ31bXxFLW0uBkGbsCuClkEbywjmAXGR2ZsxXnL3wb2zQgj5BVst/Bo7sbXxb9xdtzCJpzpzzgxnOEGilW XX/XYWFpeWV1bX1isbm1vbO9XdvbaNUyOpJWMdm26AlrSKqMWKNXUTQxgGmjrB8Cr3O09krIqjWx4l5Ic4iNSDksi51D4endxXa2 7dLSDmiVeSGpRo3u86cNePZRpSxFKjtT3PTdgfo2ElNU0qd6mlBOUQB9TLaIQhWX9cPDsRR6lFjkVCRigtCpH+XowxtHYUBtlmiP xoZ71c/M/rpfxw4Y9VlKRMkcyDWGkqgqw0KmuBRF8ZYsb8cxIqEhINMpNRAqXMxDSrZSowCCfTs8Eh8STrzJttaJ60T+ueW/duzm qNy7K9NTiAQzgGD86hAdfQhBZIeIRneIFX5815dz6cz9/VBae82YcpOF8/j/agTA==</latexit><latexit sha1_base64="KILThUSsYkRVU3UwiJfbM0xaS6I= ">AAACGnicbVC7SgNREJ31bXxFLW0uBkGbsCuClkEbywjmAXGR2ZsxXnL3wb2zQgj5BVst/Bo7sbXxb9xdtzCJpzpzzgxnOEGilW XX/XYWFpeWV1bX1isbm1vbO9XdvbaNUyOpJWMdm26AlrSKqMWKNXUTQxgGmjrB8Cr3O09krIqjWx4l5Ic4iNSDksi51D4endxXa2 7dLSDmiVeSGpRo3u86cNePZRpSxFKjtT3PTdgfo2ElNU0qd6mlBOUQB9TLaIQhWX9cPDsRR6lFjkVCRigtCpH+XowxtHYUBtlmiP xoZ71c/M/rpfxw4Y9VlKRMkcyDWGkqgqw0KmuBRF8ZYsb8cxIqEhINMpNRAqXMxDSrZSowCCfTs8Eh8STrzJttaJ60T+ueW/duzm qNy7K9NTiAQzgGD86hAdfQhBZIeIRneIFX5815dz6cz9/VBae82YcpOF8/j/agTA==</latexit>
y
<latexit sha1_base64="UZuJGVUZOt4sI9liV0XbLUlum7c=">AAA CF3icbVC7TgJREJ3FF+ILtLS5kZhYkV1joiXRxhISeSRAyOxlwBvuPnLvrAkhfIGtFn6NnbG19G9cVgoBT3XmnJmcyfFjrSy77reT29jc2t7J 7xb29g8Oj4ql46aNEiOpISMdmbaPlrQKqcGKNbVjQxj4mlr++G7ut57IWBWFDzyJqRfgKFRDJZFTqT7pF8tuxc0g1om3IGVYoNYvOdAdRDIJKG Sp0dqO58bcm6JhJTXNCt3EUoxyjCPqpDTEgGxvmn06E+eJRY5ETEYoLTKR/l5MMbB2EvjpZoD8aFe9ufif10l4eNObqjBOmEI5D2KlKQuy0qi 0AhIDZYgZ55+TUKGQaJCZjBIoZSomaSdLgX4wW54NjolnaWfeakPrpHlZ8dyKV78qV28X7eXhFM7gAjy4hircQw0aIIHgGV7g1Xlz3p0P5/N3 Necsbk5gCc7XDwMYn4c=</latexit><latexit sha1_base64="UZuJGVUZOt4sI9liV0XbLUlum7c=">AAA CF3icbVC7TgJREJ3FF+ILtLS5kZhYkV1joiXRxhISeSRAyOxlwBvuPnLvrAkhfIGtFn6NnbG19G9cVgoBT3XmnJmcyfFjrSy77reT29jc2t7J 7xb29g8Oj4ql46aNEiOpISMdmbaPlrQKqcGKNbVjQxj4mlr++G7ut57IWBWFDzyJqRfgKFRDJZFTqT7pF8tuxc0g1om3IGVYoNYvOdAdRDIJKG Sp0dqO58bcm6JhJTXNCt3EUoxyjCPqpDTEgGxvmn06E+eJRY5ETEYoLTKR/l5MMbB2EvjpZoD8aFe9ufif10l4eNObqjBOmEI5D2KlKQuy0qi 0AhIDZYgZ55+TUKGQaJCZjBIoZSomaSdLgX4wW54NjolnaWfeakPrpHlZ8dyKV78qV28X7eXhFM7gAjy4hircQw0aIIHgGV7g1Xlz3p0P5/N3 Necsbk5gCc7XDwMYn4c=</latexit><latexit sha1_base64="UZuJGVUZOt4sI9liV0XbLUlum7c=">AAA CF3icbVC7TgJREJ3FF+ILtLS5kZhYkV1joiXRxhISeSRAyOxlwBvuPnLvrAkhfIGtFn6NnbG19G9cVgoBT3XmnJmcyfFjrSy77reT29jc2t7J 7xb29g8Oj4ql46aNEiOpISMdmbaPlrQKqcGKNbVjQxj4mlr++G7ut57IWBWFDzyJqRfgKFRDJZFTqT7pF8tuxc0g1om3IGVYoNYvOdAdRDIJKG Sp0dqO58bcm6JhJTXNCt3EUoxyjCPqpDTEgGxvmn06E+eJRY5ETEYoLTKR/l5MMbB2EvjpZoD8aFe9ufif10l4eNObqjBOmEI5D2KlKQuy0qi 0AhIDZYgZ55+TUKGQaJCZjBIoZSomaSdLgX4wW54NjolnaWfeakPrpHlZ8dyKV78qV28X7eXhFM7gAjy4hircQw0aIIHgGV7g1Xlz3p0P5/N3 Necsbk5gCc7XDwMYn4c=</latexit><latexit sha1_base64="UZuJGVUZOt4sI9liV0XbLUlum7c=">AAA CF3icbVC7TgJREJ3FF+ILtLS5kZhYkV1joiXRxhISeSRAyOxlwBvuPnLvrAkhfIGtFn6NnbG19G9cVgoBT3XmnJmcyfFjrSy77reT29jc2t7J 7xb29g8Oj4ql46aNEiOpISMdmbaPlrQKqcGKNbVjQxj4mlr++G7ut57IWBWFDzyJqRfgKFRDJZFTqT7pF8tuxc0g1om3IGVYoNYvOdAdRDIJKG Sp0dqO58bcm6JhJTXNCt3EUoxyjCPqpDTEgGxvmn06E+eJRY5ETEYoLTKR/l5MMbB2EvjpZoD8aFe9ufif10l4eNObqjBOmEI5D2KlKQuy0qi 0AhIDZYgZ55+TUKGQaJCZjBIoZSomaSdLgX4wW54NjolnaWfeakPrpHlZ8dyKV78qV28X7eXhFM7gAjy4hircQw0aIIHgGV7g1Xlz3p0P5/N3 Necsbk5gCc7XDwMYn4c=</latexit>
a
y
<latexit sha1_base64="UZuJGVUZOt4sI9liV0XbLUlum7c=">AAACF3icbVC7TgJREJ3FF+ILtLS5kZhYkV1joiXRxhISeSR AyOxlwBvuPnLvrAkhfIGtFn6NnbG19G9cVgoBT3XmnJmcyfFjrSy77reT29jc2t7J7xb29g8Oj4ql46aNEiOpISMdmbaPlrQKqcGKNbVjQxj4mlr++G7ut57IWBWFDzyJqRfgKFRDJZFTqT7pF8tuxc0g1om3IGVYoNYvOdAdRDIJKGSp0dqO58bcm6JhJTXNCt3EU oxyjCPqpDTEgGxvmn06E+eJRY5ETEYoLTKR/l5MMbB2EvjpZoD8aFe9ufif10l4eNObqjBOmEI5D2KlKQuy0qi0AhIDZYgZ55+TUKGQaJCZjBIoZSomaSdLgX4wW54NjolnaWfeakPrpHlZ8dyKV78qV28X7eXhFM7gAjy4hircQw0aIIHgGV7g1Xlz3p0P5/N3Ne csbk5gCc7XDwMYn4c=</latexit><latexit sha1_base64="UZuJGVUZOt4sI9liV0XbLUlum7c=">AAACF3icbVC7TgJREJ3FF+ILtLS5kZhYkV1joiXRxhISeSR AyOxlwBvuPnLvrAkhfIGtFn6NnbG19G9cVgoBT3XmnJmcyfFjrSy77reT29jc2t7J7xb29g8Oj4ql46aNEiOpISMdmbaPlrQKqcGKNbVjQxj4mlr++G7ut57IWBWFDzyJqRfgKFRDJZFTqT7pF8tuxc0g1om3IGVYoNYvOdAdRDIJKGSp0dqO58bcm6JhJTXNCt3EU oxyjCPqpDTEgGxvmn06E+eJRY5ETEYoLTKR/l5MMbB2EvjpZoD8aFe9ufif10l4eNObqjBOmEI5D2KlKQuy0qi0AhIDZYgZ55+TUKGQaJCZjBIoZSomaSdLgX4wW54NjolnaWfeakPrpHlZ8dyKV78qV28X7eXhFM7gAjy4hircQw0aIIHgGV7g1Xlz3p0P5/N3Ne csbk5gCc7XDwMYn4c=</latexit><latexit sha1_base64="UZuJGVUZOt4sI9liV0XbLUlum7c=">AAACF3icbVC7TgJREJ3FF+ILtLS5kZhYkV1joiXRxhISeSR AyOxlwBvuPnLvrAkhfIGtFn6NnbG19G9cVgoBT3XmnJmcyfFjrSy77reT29jc2t7J7xb29g8Oj4ql46aNEiOpISMdmbaPlrQKqcGKNbVjQxj4mlr++G7ut57IWBWFDzyJqRfgKFRDJZFTqT7pF8tuxc0g1om3IGVYoNYvOdAdRDIJKGSp0dqO58bcm6JhJTXNCt3EU oxyjCPqpDTEgGxvmn06E+eJRY5ETEYoLTKR/l5MMbB2EvjpZoD8aFe9ufif10l4eNObqjBOmEI5D2KlKQuy0qi0AhIDZYgZ55+TUKGQaJCZjBIoZSomaSdLgX4wW54NjolnaWfeakPrpHlZ8dyKV78qV28X7eXhFM7gAjy4hircQw0aIIHgGV7g1Xlz3p0P5/N3Ne csbk5gCc7XDwMYn4c=</latexit><latexit sha1_base64="UZuJGVUZOt4sI9liV0XbLUlum7c=">AAACF3icbVC7TgJREJ3FF+ILtLS5kZhYkV1joiXRxhISeSR AyOxlwBvuPnLvrAkhfIGtFn6NnbG19G9cVgoBT3XmnJmcyfFjrSy77reT29jc2t7J7xb29g8Oj4ql46aNEiOpISMdmbaPlrQKqcGKNbVjQxj4mlr++G7ut57IWBWFDzyJqRfgKFRDJZFTqT7pF8tuxc0g1om3IGVYoNYvOdAdRDIJKGSp0dqO58bcm6JhJTXNCt3EU oxyjCPqpDTEgGxvmn06E+eJRY5ETEYoLTKR/l5MMbB2EvjpZoD8aFe9ufif10l4eNObqjBOmEI5D2KlKQuy0qi0AhIDZYgZ55+TUKGQaJCZjBIoZSomaSdLgX4wW54NjolnaWfeakPrpHlZ8dyKV78qV28X7eXhFM7gAjy4hircQw0aIIHgGV7g1Xlz3p0P5/N3Ne csbk5gCc7XDwMYn4c=</latexit>
x
<latexit sha1_base64="pILbUXsjgdwbCv6gVkmVKMH2Pzs=">AAACF3icbVC7TgJREJ31ifgCLW1uJCZWZ NeYaEm0sYREHgkQMnsZ8Ia7j9w7aySEL7DVwq+xM7aW/o27SCHgqc6cM5MzOX6slWXX/XbW1jc2t7ZzO/ndvf2Dw0LxqGGjxEiqy0hHpuWjJa1CqrNiTa3YEAa+pqY/us385iMZq6LwnscxdQMchmqgJHIq1Z56hZJbdmcQq8 SbkxLMUe0VHej0I5kEFLLUaG3bc2PuTtCwkpqm+U5iKUY5wiG1UxpiQLY7mX06FWeJRY5ETEYoLWYi/b2YYGDtOPDTzQD5wS57mfif1054cN2dqDBOmEKZBbHSNAuy0qi0AhJ9ZYgZs89JqFBINMhMRgmUMhWTtJOFQD+YLs4 GR8TTtDNvuaFV0rgoe27Zq12WKjfz9nJwAqdwDh5cQQXuoAp1kEDwDC/w6rw5786H8/m7uubMb45hAc7XDwFln4Y=</latexit><latexit sha1_base64="pILbUXsjgdwbCv6gVkmVKMH2Pzs=">AAACF3icbVC7TgJREJ31ifgCLW1uJCZWZ NeYaEm0sYREHgkQMnsZ8Ia7j9w7aySEL7DVwq+xM7aW/o27SCHgqc6cM5MzOX6slWXX/XbW1jc2t7ZzO/ndvf2Dw0LxqGGjxEiqy0hHpuWjJa1CqrNiTa3YEAa+pqY/us385iMZq6LwnscxdQMchmqgJHIq1Z56hZJbdmcQq8 SbkxLMUe0VHej0I5kEFLLUaG3bc2PuTtCwkpqm+U5iKUY5wiG1UxpiQLY7mX06FWeJRY5ETEYoLWYi/b2YYGDtOPDTzQD5wS57mfif1054cN2dqDBOmEKZBbHSNAuy0qi0AhJ9ZYgZs89JqFBINMhMRgmUMhWTtJOFQD+YLs4 GR8TTtDNvuaFV0rgoe27Zq12WKjfz9nJwAqdwDh5cQQXuoAp1kEDwDC/w6rw5786H8/m7uubMb45hAc7XDwFln4Y=</latexit><latexit sha1_base64="pILbUXsjgdwbCv6gVkmVKMH2Pzs=">AAACF3icbVC7TgJREJ31ifgCLW1uJCZWZ NeYaEm0sYREHgkQMnsZ8Ia7j9w7aySEL7DVwq+xM7aW/o27SCHgqc6cM5MzOX6slWXX/XbW1jc2t7ZzO/ndvf2Dw0LxqGGjxEiqy0hHpuWjJa1CqrNiTa3YEAa+pqY/us385iMZq6LwnscxdQMchmqgJHIq1Z56hZJbdmcQq8 SbkxLMUe0VHej0I5kEFLLUaG3bc2PuTtCwkpqm+U5iKUY5wiG1UxpiQLY7mX06FWeJRY5ETEYoLWYi/b2YYGDtOPDTzQD5wS57mfif1054cN2dqDBOmEKZBbHSNAuy0qi0AhJ9ZYgZs89JqFBINMhMRgmUMhWTtJOFQD+YLs4 GR8TTtDNvuaFV0rgoe27Zq12WKjfz9nJwAqdwDh5cQQXuoAp1kEDwDC/w6rw5786H8/m7uubMb45hAc7XDwFln4Y=</latexit><latexit sha1_base64="pILbUXsjgdwbCv6gVkmVKMH2Pzs=">AAACF3icbVC7TgJREJ31ifgCLW1uJCZWZ NeYaEm0sYREHgkQMnsZ8Ia7j9w7aySEL7DVwq+xM7aW/o27SCHgqc6cM5MzOX6slWXX/XbW1jc2t7ZzO/ndvf2Dw0LxqGGjxEiqy0hHpuWjJa1CqrNiTa3YEAa+pqY/us385iMZq6LwnscxdQMchmqgJHIq1Z56hZJbdmcQq8 SbkxLMUe0VHej0I5kEFLLUaG3bc2PuTtCwkpqm+U5iKUY5wiG1UxpiQLY7mX06FWeJRY5ETEYoLWYi/b2YYGDtOPDTzQD5wS57mfif1054cN2dqDBOmEKZBbHSNAuy0qi0AhJ9ZYgZs89JqFBINMhMRgmUMhWTtJOFQD+YLs4 GR8TTtDNvuaFV0rgoe27Zq12WKjfz9nJwAqdwDh5cQQXuoAp1kEDwDC/w6rw5786H8/m7uubMb45hAc7XDwFln4Y=</latexit>
|gie
<latexit sha1_base64="Smg95YS1XC5G+tHPJnooz4iqRu0=">AAACJ3icbVA9SwNBEJ2LX/EzUUubxSB YhTsRtBRtLBVMIiQhzK2TuGT37tidE+S4X2Krhb/GTrT0n3gXU5joq968N8MbXpho5dj3P73KwuLS8kp1dW19Y3OrVt/eabs4tZJaMtaxvQ3RkVYRtVixptvEEppQUyccX5R+54GsU3F0w48J9Q2OIjVUErmQBvVab0yc 9awRo3yQUT6oN/ymP4H4S4IpacAUV4NtD3p3sUwNRSw1OtcN/IT7GVpWUlO+1ksdJSjHOKJuQSM05PrZ5PNcHKQOORYJWaG0mIj0+yJD49yjCYtNg3zv5r1S/M/rpjw87WcqSlKmSJZBrDRNgpy0qqiExJ2yxIzl5yRUJC RaZCarBEpZiGnR0UxgaPLZ2WLRXtlZMN/QX9I+agZ+M7g+bpydT9urwh7swyEEcAJncAlX0AIJKTzBM7x4r96b9+59/KxWvOnNLszA+/oGPKyl4Q==</latexit><latexit sha1_base64="Smg95YS1XC5G+tHPJnooz4iqRu0=">AAACJ3icbVA9SwNBEJ2LX/EzUUubxSB YhTsRtBRtLBVMIiQhzK2TuGT37tidE+S4X2Krhb/GTrT0n3gXU5joq968N8MbXpho5dj3P73KwuLS8kp1dW19Y3OrVt/eabs4tZJaMtaxvQ3RkVYRtVixptvEEppQUyccX5R+54GsU3F0w48J9Q2OIjVUErmQBvVab0yc 9awRo3yQUT6oN/ymP4H4S4IpacAUV4NtD3p3sUwNRSw1OtcN/IT7GVpWUlO+1ksdJSjHOKJuQSM05PrZ5PNcHKQOORYJWaG0mIj0+yJD49yjCYtNg3zv5r1S/M/rpjw87WcqSlKmSJZBrDRNgpy0qqiExJ2yxIzl5yRUJC RaZCarBEpZiGnR0UxgaPLZ2WLRXtlZMN/QX9I+agZ+M7g+bpydT9urwh7swyEEcAJncAlX0AIJKTzBM7x4r96b9+59/KxWvOnNLszA+/oGPKyl4Q==</latexit><latexit sha1_base64="Smg95YS1XC5G+tHPJnooz4iqRu0=">AAACJ3icbVA9SwNBEJ2LX/EzUUubxSB YhTsRtBRtLBVMIiQhzK2TuGT37tidE+S4X2Krhb/GTrT0n3gXU5joq968N8MbXpho5dj3P73KwuLS8kp1dW19Y3OrVt/eabs4tZJaMtaxvQ3RkVYRtVixptvEEppQUyccX5R+54GsU3F0w48J9Q2OIjVUErmQBvVab0yc 9awRo3yQUT6oN/ymP4H4S4IpacAUV4NtD3p3sUwNRSw1OtcN/IT7GVpWUlO+1ksdJSjHOKJuQSM05PrZ5PNcHKQOORYJWaG0mIj0+yJD49yjCYtNg3zv5r1S/M/rpjw87WcqSlKmSJZBrDRNgpy0qqiExJ2yxIzl5yRUJC RaZCarBEpZiGnR0UxgaPLZ2WLRXtlZMN/QX9I+agZ+M7g+bpydT9urwh7swyEEcAJncAlX0AIJKTzBM7x4r96b9+59/KxWvOnNLszA+/oGPKyl4Q==</latexit><latexit sha1_base64="Smg95YS1XC5G+tHPJnooz4iqRu0=">AAACJ3icbVA9SwNBEJ2LX/EzUUubxSB YhTsRtBRtLBVMIiQhzK2TuGT37tidE+S4X2Krhb/GTrT0n3gXU5joq968N8MbXpho5dj3P73KwuLS8kp1dW19Y3OrVt/eabs4tZJaMtaxvQ3RkVYRtVixptvEEppQUyccX5R+54GsU3F0w48J9Q2OIjVUErmQBvVab0yc 9awRo3yQUT6oN/ymP4H4S4IpacAUV4NtD3p3sUwNRSw1OtcN/IT7GVpWUlO+1ksdJSjHOKJuQSM05PrZ5PNcHKQOORYJWaG0mIj0+yJD49yjCYtNg3zv5r1S/M/rpjw87WcqSlKmSJZBrDRNgpy0qqiExJ2yxIzl5yRUJC RaZCarBEpZiGnR0UxgaPLZ2WLRXtlZMN/QX9I+agZ+M7g+bpydT9urwh7swyEEcAJncAlX0AIJKTzBM7x4r96b9+59/KxWvOnNLszA+/oGPKyl4Q==</latexit>
|eie
<latexit sha1_base64="HFPnEy/qANA6QeDYv8lkgjp/a+A=">AAACJ3icbVDLSgNBEOyNrxhfUY9eBoP gKeyKoEfRi8cIxghJCL2TThwys7vM9Aqy5Eu86sGv8SZ69E/cjTmYxIKBmqpuqqkw0cqx7395paXlldW18nplY3Nre6e6u3fn4tRKaspYx/Y+REdaRdRkxZruE0toQk2tcHRV+K1Hsk7F0S0/JdQ1OIzUQEnkXOpVdzoj 4qxjjaBxL8tftebX/QnEIgmmpAZTNHq7HnT6sUwNRSw1OtcO/IS7GVpWUtO40kkdJShHOKR2TiM05LrZ5PKxOEodciwSskJpMRHp70aGxrknE+aTBvnBzXuF+J/XTnlw3s1UlKRMkSyCWGmaBDlpVV4Jib6yxIzF5SRUJC RaZCarBEqZi2ne0UxgaMazf4t5e0VnwXxDi+TupB749eDmtHZxOW2vDAdwCMcQwBlcwDU0oAkSUniGF3j13rx378P7/B0tedOdfZiB9/0DOTyl3w==</latexit><latexit sha1_base64="HFPnEy/qANA6QeDYv8lkgjp/a+A=">AAACJ3icbVDLSgNBEOyNrxhfUY9eBoP gKeyKoEfRi8cIxghJCL2TThwys7vM9Aqy5Eu86sGv8SZ69E/cjTmYxIKBmqpuqqkw0cqx7395paXlldW18nplY3Nre6e6u3fn4tRKaspYx/Y+REdaRdRkxZruE0toQk2tcHRV+K1Hsk7F0S0/JdQ1OIzUQEnkXOpVdzoj 4qxjjaBxL8tftebX/QnEIgmmpAZTNHq7HnT6sUwNRSw1OtcO/IS7GVpWUtO40kkdJShHOKR2TiM05LrZ5PKxOEodciwSskJpMRHp70aGxrknE+aTBvnBzXuF+J/XTnlw3s1UlKRMkSyCWGmaBDlpVV4Jib6yxIzF5SRUJC RaZCarBEqZi2ne0UxgaMazf4t5e0VnwXxDi+TupB749eDmtHZxOW2vDAdwCMcQwBlcwDU0oAkSUniGF3j13rx378P7/B0tedOdfZiB9/0DOTyl3w==</latexit><latexit sha1_base64="HFPnEy/qANA6QeDYv8lkgjp/a+A=">AAACJ3icbVDLSgNBEOyNrxhfUY9eBoP gKeyKoEfRi8cIxghJCL2TThwys7vM9Aqy5Eu86sGv8SZ69E/cjTmYxIKBmqpuqqkw0cqx7395paXlldW18nplY3Nre6e6u3fn4tRKaspYx/Y+REdaRdRkxZruE0toQk2tcHRV+K1Hsk7F0S0/JdQ1OIzUQEnkXOpVdzoj 4qxjjaBxL8tftebX/QnEIgmmpAZTNHq7HnT6sUwNRSw1OtcO/IS7GVpWUtO40kkdJShHOKR2TiM05LrZ5PKxOEodciwSskJpMRHp70aGxrknE+aTBvnBzXuF+J/XTnlw3s1UlKRMkSyCWGmaBDlpVV4Jib6yxIzF5SRUJC RaZCarBEqZi2ne0UxgaMazf4t5e0VnwXxDi+TupB749eDmtHZxOW2vDAdwCMcQwBlcwDU0oAkSUniGF3j13rx378P7/B0tedOdfZiB9/0DOTyl3w==</latexit><latexit sha1_base64="HFPnEy/qANA6QeDYv8lkgjp/a+A=">AAACJ3icbVDLSgNBEOyNrxhfUY9eBoP gKeyKoEfRi8cIxghJCL2TThwys7vM9Aqy5Eu86sGv8SZ69E/cjTmYxIKBmqpuqqkw0cqx7395paXlldW18nplY3Nre6e6u3fn4tRKaspYx/Y+REdaRdRkxZruE0toQk2tcHRV+K1Hsk7F0S0/JdQ1OIzUQEnkXOpVdzoj 4qxjjaBxL8tftebX/QnEIgmmpAZTNHq7HnT6sUwNRSw1OtcO/IS7GVpWUtO40kkdJShHOKR2TiM05LrZ5PKxOEodciwSskJpMRHp70aGxrknE+aTBvnBzXuF+J/XTnlw3s1UlKRMkSyCWGmaBDlpVV4Jib6yxIzF5SRUJC RaZCarBEqZi2ne0UxgaMazf4t5e0VnwXxDi+TupB749eDmtHZxOW2vDAdwCMcQwBlcwDU0oAkSUniGF3j13rx378P7/B0tedOdfZiB9/0DOTyl3w==</latexit>
V (y)
<latexit sha1_base64="KILThUSsYkRVU3UwiJfbM0xaS6I=" >AAACGnicbVC7SgNREJ31bXxFLW0uBkGbsCuClkEbywjmAXGR2ZsxXnL3wb2zQgj5BVst/Bo7sbXxb9xdtzCJpzpzzgxnOEGilWX X/XYWFpeWV1bX1isbm1vbO9XdvbaNUyOpJWMdm26AlrSKqMWKNXUTQxgGmjrB8Cr3O09krIqjWx4l5Ic4iNSDksi51D4endxXa27 dLSDmiVeSGpRo3u86cNePZRpSxFKjtT3PTdgfo2ElNU0qd6mlBOUQB9TLaIQhWX9cPDsRR6lFjkVCRigtCpH+XowxtHYUBtlmiPxo Z71c/M/rpfxw4Y9VlKRMkcyDWGkqgqw0KmuBRF8ZYsb8cxIqEhINMpNRAqXMxDSrZSowCCfTs8Eh8STrzJttaJ60T+ueW/duzmqN y7K9NTiAQzgGD86hAdfQhBZIeIRneIFX5815dz6cz9/VBae82YcpOF8/j/agTA==</latexit><latexit sha1_base64="KILThUSsYkRVU3UwiJfbM0xaS6I=" >AAACGnicbVC7SgNREJ31bXxFLW0uBkGbsCuClkEbywjmAXGR2ZsxXnL3wb2zQgj5BVst/Bo7sbXxb9xdtzCJpzpzzgxnOEGilWX X/XYWFpeWV1bX1isbm1vbO9XdvbaNUyOpJWMdm26AlrSKqMWKNXUTQxgGmjrB8Cr3O09krIqjWx4l5Ic4iNSDksi51D4endxXa27 dLSDmiVeSGpRo3u86cNePZRpSxFKjtT3PTdgfo2ElNU0qd6mlBOUQB9TLaIQhWX9cPDsRR6lFjkVCRigtCpH+XowxtHYUBtlmiPxo Z71c/M/rpfxw4Y9VlKRMkcyDWGkqgqw0KmuBRF8ZYsb8cxIqEhINMpNRAqXMxDSrZSowCCfTs8Eh8STrzJttaJ60T+ueW/duzmqN y7K9NTiAQzgGD86hAdfQhBZIeIRneIFX5815dz6cz9/VBae82YcpOF8/j/agTA==</latexit><latexit sha1_base64="KILThUSsYkRVU3UwiJfbM0xaS6I=" >AAACGnicbVC7SgNREJ31bXxFLW0uBkGbsCuClkEbywjmAXGR2ZsxXnL3wb2zQgj5BVst/Bo7sbXxb9xdtzCJpzpzzgxnOEGilWX X/XYWFpeWV1bX1isbm1vbO9XdvbaNUyOpJWMdm26AlrSKqMWKNXUTQxgGmjrB8Cr3O09krIqjWx4l5Ic4iNSDksi51D4endxXa27 dLSDmiVeSGpRo3u86cNePZRpSxFKjtT3PTdgfo2ElNU0qd6mlBOUQB9TLaIQhWX9cPDsRR6lFjkVCRigtCpH+XowxtHYUBtlmiPxo Z71c/M/rpfxw4Y9VlKRMkcyDWGkqgqw0KmuBRF8ZYsb8cxIqEhINMpNRAqXMxDSrZSowCCfTs8Eh8STrzJttaJ60T+ueW/duzmqN y7K9NTiAQzgGD86hAdfQhBZIeIRneIFX5815dz6cz9/VBae82YcpOF8/j/agTA==</latexit><latexit sha1_base64="KILThUSsYkRVU3UwiJfbM0xaS6I=" >AAACGnicbVC7SgNREJ31bXxFLW0uBkGbsCuClkEbywjmAXGR2ZsxXnL3wb2zQgj5BVst/Bo7sbXxb9xdtzCJpzpzzgxnOEGilWX X/XYWFpeWV1bX1isbm1vbO9XdvbaNUyOpJWMdm26AlrSKqMWKNXUTQxgGmjrB8Cr3O09krIqjWx4l5Ic4iNSDksi51D4endxXa27 dLSDmiVeSGpRo3u86cNePZRpSxFKjtT3PTdgfo2ElNU0qd6mlBOUQB9TLaIQhWX9cPDsRR6lFjkVCRigtCpH+XowxtHYUBtlmiPxo Z71c/M/rpfxw4Y9VlKRMkcyDWGkqgqw0KmuBRF8ZYsb8cxIqEhINMpNRAqXMxDSrZSowCCfTs8Eh8STrzJttaJ60T+ueW/duzmqN y7K9NTiAQzgGD86hAdfQhBZIeIRneIFX5815dz6cz9/VBae82YcpOF8/j/agTA==</latexit>
y
<latexit sha1_base64="UZuJGVUZOt4sI9liV0XbLUlum7c= ">AAACF3icbVC7TgJREJ3FF+ILtLS5kZhYkV1joiXRxhISeSRAyOxlwBvuPnLvrAkhfIGtFn6NnbG19G9cVgoBT3XmnJmcyfFjr Sy77reT29jc2t7J7xb29g8Oj4ql46aNEiOpISMdmbaPlrQKqcGKNbVjQxj4mlr++G7ut57IWBWFDzyJqRfgKFRDJZFTqT7pF8t uxc0g1om3IGVYoNYvOdAdRDIJKGSp0dqO58bcm6JhJTXNCt3EUoxyjCPqpDTEgGxvmn06E+eJRY5ETEYoLTKR/l5MMbB2EvjpZo D8aFe9ufif10l4eNObqjBOmEI5D2KlKQuy0qi0AhIDZYgZ55+TUKGQaJCZjBIoZSomaSdLgX4wW54NjolnaWfeakPrpHlZ8dyKV 78qV28X7eXhFM7gAjy4hircQw0aIIHgGV7g1Xlz3p0P5/N3Necsbk5gCc7XDwMYn4c=</latexit><latexit sha1_base64="UZuJGVUZOt4sI9liV0XbLUlum7c= ">AAACF3icbVC7TgJREJ3FF+ILtLS5kZhYkV1joiXRxhISeSRAyOxlwBvuPnLvrAkhfIGtFn6NnbG19G9cVgoBT3XmnJmcyfFjr Sy77reT29jc2t7J7xb29g8Oj4ql46aNEiOpISMdmbaPlrQKqcGKNbVjQxj4mlr++G7ut57IWBWFDzyJqRfgKFRDJZFTqT7pF8t uxc0g1om3IGVYoNYvOdAdRDIJKGSp0dqO58bcm6JhJTXNCt3EUoxyjCPqpDTEgGxvmn06E+eJRY5ETEYoLTKR/l5MMbB2EvjpZo D8aFe9ufif10l4eNObqjBOmEI5D2KlKQuy0qi0AhIDZYgZ55+TUKGQaJCZjBIoZSomaSdLgX4wW54NjolnaWfeakPrpHlZ8dyKV 78qV28X7eXhFM7gAjy4hircQw0aIIHgGV7g1Xlz3p0P5/N3Necsbk5gCc7XDwMYn4c=</latexit><latexit sha1_base64="UZuJGVUZOt4sI9liV0XbLUlum7c= ">AAACF3icbVC7TgJREJ3FF+ILtLS5kZhYkV1joiXRxhISeSRAyOxlwBvuPnLvrAkhfIGtFn6NnbG19G9cVgoBT3XmnJmcyfFjr Sy77reT29jc2t7J7xb29g8Oj4ql46aNEiOpISMdmbaPlrQKqcGKNbVjQxj4mlr++G7ut57IWBWFDzyJqRfgKFRDJZFTqT7pF8t uxc0g1om3IGVYoNYvOdAdRDIJKGSp0dqO58bcm6JhJTXNCt3EUoxyjCPqpDTEgGxvmn06E+eJRY5ETEYoLTKR/l5MMbB2EvjpZo D8aFe9ufif10l4eNObqjBOmEI5D2KlKQuy0qi0AhIDZYgZ55+TUKGQaJCZjBIoZSomaSdLgX4wW54NjolnaWfeakPrpHlZ8dyKV 78qV28X7eXhFM7gAjy4hircQw0aIIHgGV7g1Xlz3p0P5/N3Necsbk5gCc7XDwMYn4c=</latexit><latexit sha1_base64="UZuJGVUZOt4sI9liV0XbLUlum7c= ">AAACF3icbVC7TgJREJ3FF+ILtLS5kZhYkV1joiXRxhISeSRAyOxlwBvuPnLvrAkhfIGtFn6NnbG19G9cVgoBT3XmnJmcyfFjr Sy77reT29jc2t7J7xb29g8Oj4ql46aNEiOpISMdmbaPlrQKqcGKNbVjQxj4mlr++G7ut57IWBWFDzyJqRfgKFRDJZFTqT7pF8t uxc0g1om3IGVYoNYvOdAdRDIJKGSp0dqO58bcm6JhJTXNCt3EUoxyjCPqpDTEgGxvmn06E+eJRY5ETEYoLTKR/l5MMbB2EvjpZo D8aFe9ufif10l4eNObqjBOmEI5D2KlKQuy0qi0AhIDZYgZ55+TUKGQaJCZjBIoZSomaSdLgX4wW54NjolnaWfeakPrpHlZ8dyKV 78qV28X7eXhFM7gAjy4hircQw0aIIHgGV7g1Xlz3p0P5/N3Necsbk5gCc7XDwMYn4c=</latexit>
V (y)
<latexit sha1_base64="KILThUSsYkRVU3UwiJfbM0xaS6I=" >AAACGnicbVC7SgNREJ31bXxFLW0uBkGbsCuClkEbywjmAXGR2ZsxXnL3wb2zQgj5BVst/Bo7sbXxb9xdtzCJpzpzzgxnOEGilWX X/XYWFpeWV1bX1isbm1vbO9XdvbaNUyOpJWMdm26AlrSKqMWKNXUTQxgGmjrB8Cr3O09krIqjWx4l5Ic4iNSDksi51D4endxXa27 dLSDmiVeSGpRo3u86cNePZRpSxFKjtT3PTdgfo2ElNU0qd6mlBOUQB9TLaIQhWX9cPDsRR6lFjkVCRigtCpH+XowxtHYUBtlmiPxo Z71c/M/rpfxw4Y9VlKRMkcyDWGkqgqw0KmuBRF8ZYsb8cxIqEhINMpNRAqXMxDSrZSowCCfTs8Eh8STrzJttaJ60T+ueW/duzmqN y7K9NTiAQzgGD86hAdfQhBZIeIRneIFX5815dz6cz9/VBae82YcpOF8/j/agTA==</latexit><latexit sha1_base64="KILThUSsYkRVU3UwiJfbM0xaS6I=" >AAACGnicbVC7SgNREJ31bXxFLW0uBkGbsCuClkEbywjmAXGR2ZsxXnL3wb2zQgj5BVst/Bo7sbXxb9xdtzCJpzpzzgxnOEGilWX X/XYWFpeWV1bX1isbm1vbO9XdvbaNUyOpJWMdm26AlrSKqMWKNXUTQxgGmjrB8Cr3O09krIqjWx4l5Ic4iNSDksi51D4endxXa27 dLSDmiVeSGpRo3u86cNePZRpSxFKjtT3PTdgfo2ElNU0qd6mlBOUQB9TLaIQhWX9cPDsRR6lFjkVCRigtCpH+XowxtHYUBtlmiPxo Z71c/M/rpfxw4Y9VlKRMkcyDWGkqgqw0KmuBRF8ZYsb8cxIqEhINMpNRAqXMxDSrZSowCCfTs8Eh8STrzJttaJ60T+ueW/duzmqN y7K9NTiAQzgGD86hAdfQhBZIeIRneIFX5815dz6cz9/VBae82YcpOF8/j/agTA==</latexit><latexit sha1_base64="KILThUSsYkRVU3UwiJfbM0xaS6I=" >AAACGnicbVC7SgNREJ31bXxFLW0uBkGbsCuClkEbywjmAXGR2ZsxXnL3wb2zQgj5BVst/Bo7sbXxb9xdtzCJpzpzzgxnOEGilWX X/XYWFpeWV1bX1isbm1vbO9XdvbaNUyOpJWMdm26AlrSKqMWKNXUTQxgGmjrB8Cr3O09krIqjWx4l5Ic4iNSDksi51D4endxXa27 dLSDmiVeSGpRo3u86cNePZRpSxFKjtT3PTdgfo2ElNU0qd6mlBOUQB9TLaIQhWX9cPDsRR6lFjkVCRigtCpH+XowxtHYUBtlmiPxo Z71c/M/rpfxw4Y9VlKRMkcyDWGkqgqw0KmuBRF8ZYsb8cxIqEhINMpNRAqXMxDSrZSowCCfTs8Eh8STrzJttaJ60T+ueW/duzmqN y7K9NTiAQzgGD86hAdfQhBZIeIRneIFX5815dz6cz9/VBae82YcpOF8/j/agTA==</latexit><latexit sha1_base64="KILThUSsYkRVU3UwiJfbM0xaS6I=" >AAACGnicbVC7SgNREJ31bXxFLW0uBkGbsCuClkEbywjmAXGR2ZsxXnL3wb2zQgj5BVst/Bo7sbXxb9xdtzCJpzpzzgxnOEGilWX X/XYWFpeWV1bX1isbm1vbO9XdvbaNUyOpJWMdm26AlrSKqMWKNXUTQxgGmjrB8Cr3O09krIqjWx4l5Ic4iNSDksi51D4endxXa27 dLSDmiVeSGpRo3u86cNePZRpSxFKjtT3PTdgfo2ElNU0qd6mlBOUQB9TLaIQhWX9cPDsRR6lFjkVCRigtCpH+XowxtHYUBtlmiPxo Z71c/M/rpfxw4Y9VlKRMkcyDWGkqgqw0KmuBRF8ZYsb8cxIqEhINMpNRAqXMxDSrZSowCCfTs8Eh8STrzJttaJ60T+ueW/duzmqN y7K9NTiAQzgGD86hAdfQhBZIeIRneIFX5815dz6cz9/VBae82YcpOF8/j/agTA==</latexit>
y
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Figure 1: Double quantum dot and two-chain geometry. (a) Voltage
profile of a double quantum dot occupied by a single electron. The ground
(|g〉e) and excited (|e〉e) states are geometrically separated and the energy
gap between them is . The |g〉e → |e〉e transition can be induced by the
absorbtion of photons (viceversa the |e〉e → |g〉e transition occurs through
photon emission). (b) Schematic top view of the two-chain system. Here,
one has a top (T) chain (red) and a bottom (B) chain (light blue) made
up of double quantum dots. Each of them is singly occupied with electrons
(dark red) and holes (dark blue) respectively. Two dominant contributions
to the electrostatic interaction have been analyzed in this work: i) an inter-
chain attractive interaction of strength U (green arrow) between an electron
and a hole in their respective ground states; and ii) an intra-chain repulsive
interaction of strength V (orange arrow) between electrons (holes) either in
the |g〉e − |g〉e (|g〉h − |g〉h) or |e〉e − |e〉e (|e〉h − |e〉h) configuration.
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Figure 2: Phases of the quantum supercapacitor model introduced
in this work. (a) At V˜ = 0 the phase diagram shows a continuous phase
transition between the ferromagnetic-normal (blue) and the ferromagnetic-
superradiant (red) ordering, occurring at Λ2 = (1 + U˜)/8. The situation
remains qualitatively analogous up to V˜ . 0.5. (b, c) By further increasing
V˜ (V˜ = 0.7 in panel b and V˜ = 1.0 in panel c) one observes the emergence of
both an antiferromagnetic-normal (green) and a narrow antiferromagnetic-
superradiant (yellow) phase at the expense of the previously discussed ones.
The ferromagnetic-normal/antiferromagnatic-normal transition is first order
and occurs at U˜ = 4V˜ − 2. Notice that this phase diagram has been deduced
from the global analysis of the order parameters A, s, and m, introduced in
Eqs. (12), which are reported in Fig. 3. The present phase diagram has been
calculated for the resonat condition  = ~ωc, where the coupling between
DQDs and radiation is optimal [54].
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Figure 3: Behavior of the order parameters. Density plots of the order
parameters A = 〈aˆ†aˆ〉/N , s = 〈(σˆz1 + σˆz2)〉/2, and m = 〈(σˆz1 − σˆz2)〉/2 as
functions of U˜ and Λ2 for V˜ = 0.7 (panels a, b, c) and V˜ = 1.0 (d, e,
f). Notice that from the top row one can reconstruct the phase diagram of
Fig. 2b, while the bottom row leads to Fig. 2c. Alla data in this figure refer
to the resonat condition  = ~ωc.
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Figure 4: Enhancement of the quantum capacitance. Density plots of
the ratio κ = C/C¯−1 (with C the capacitance of the system and C¯ its value at
Λ2 = 0) as a function of U˜ and Λ2 for: (a) V˜ = 0 (corresponding to the phase
diagram in Fig. 2a) where, in the ferromagnetic-superradiant phase, one has
κ = (1− s2)/(1 + s2). This ratio asymptotically approaches κ = 1 (doubling
of the capacitance) at high values of Λ2. (b) V˜ = 1.0 (corresponding to
the phase diagram in Fig. 2c) where κ = (2 + U˜)/ (1 + s2) V˜ − 1 crucially
depends on the geometry of the device. Here, for the considered values of
the parameters, the ratio can exceed κ > 2.5 (red region) leading to a very
remarkable enhancement of the capacitance with respect to the reference case
in absence of radiation.
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